Gametes carry the DNA that will direct the development of the next generation. By compromising genetic integrity, DNA damage and mutagenesis threaten the ability of gametes to fulfill their biological function. DNA repair pathways function in germ cells and serve to ameliorate much DNA damage and prevent mutagenesis. High base excision repair (BER) activity is documented for spermatogenic cells. DNA polymerase-beta (POLB) is required for the short-patch BER pathway. Because mice homozygous null for the Polb gene die soon after birth, mice heterozygous for Polb were used to examine the extent to which POLB contributes to maintaining spermatogenic genomic integrity in vivo. POLB protein levels were reduced only in mixed spermatogenic cells. In vitro short-patch BER activity assays revealed that spermatogenic cell nuclear extracts obtained from Polb heterozygous mice had one third the BER activity of age-matched control mice. Polb heterozygosity had no effect on the BER activities of somatic tissues tested. The Polb heterozygous mouse line was crossed with the lacI transgenic Big Blue mouse line to assess mutant frequency. The spontaneous mutant frequency for mixed spermatogenic cells prepared from Polb heterozygous mice was 2-fold greater than that of wild-type controls, but no significant effect was found among the somatic tissues tested. These results demonstrate that normal POLB abundance is necessary for normal BER activity, which is critical in maintaining a low germline mutant frequency. Notably, spermatogenic cells respond differently than somatic cells to Polb haploinsufficiency.
INTRODUCTION
The chemistry of DNA makes it susceptible to many forms of damaging agents. The base excision repair (BER) pathway is the main guardian against damage due to cellular metabolism [1] [2] [3] [4] [5] [6] . It is estimated that the BER pathway excises about 1 million lesions per cell per day based on the levels of endogenous base lesions that mammalian cells constantly experience [7] . Two major subpathways of BER are recognized, namely, a short-patch pathway that results in the replacement of one nucleotide and a long-patch pathway that results in the replacement of two to 12 nucleotides [1] [2] [3] [4] [5] [6] 8] . DNA polymerase-b (POLB) can function in both subpathways and is essential for the short-patch subpathway [9] [10] [11] [12] [13] .
Short-patch BER activity varies among mammalian tissues and was found to be greatest in spermatogenic cell nuclear extracts compared with tested somatic tissues [14] [15] [16] [17] . Consistent with high levels of BER activity, the spontaneous mutant frequency of spermatogenic cells was found to be significantly lower than that in somatic tissues tested [18, 19] . These data suggest an inverse correlation between BER activity and spontaneous mutagenesis. Consistent with this putative correlation, short-patch BER activity was significantly reduced in spermatogenic cell and somatic tissue nuclear extracts obtained from mice heterozygous for Apex1 (also known as Ape1) [15, 20] , an enzyme that functions in short-and longpatch BER [21, 22] , with a corresponding increase in spontaneous mutant frequency by 9 mo of age [23] . Notably, the spontaneous mutant frequency for liver and spleen was elevated in 4-to 6-mo-old mice [23] . Together, these data suggest that BER has a major role in maintaining a low spontaneous mutant frequency in a variety of cells and tissues.
Although data from heterozygous Apex1 mice suggest that BER is involved in maintaining a low spontaneous mutant frequency in vivo, it is important to consider that APEX1 is multifunctional, acting as 5 0 endonuclease, 3 0 phosphodiesterase, 3 0 phosphatase, 3 0 to 5 0 exonuclease, strong p53 activator [24] , and redox activator of multiple transcription factors [25] [26] [27] [28] , as well as having RNase H activities [29] . POLB, however, functions preferentially in the nucleus to fill short 0 -phosphate termini [30] . POLB lacks proofreading exonuclease activity and is a distributive polymerase except that short gaps with 5 0 -phosphate termini are filled processively [31] . Although POLD or POLE can substitute for the DNA synthesis capability of POLB [32] , it has been shown that there is no backup for its 5 0 dRPase activity [33] . The deficiency in 5 0 dRPase activity is believed to be the cause of neurotoxic effects leading to neonatal death in POLBdeficient mice [33, 34] . Because homozygous null mice for Polb die at 18.5 days post coitum or soon after birth [34, 35] , Polb heterozygous (Polbþ/À) mice were used for the present study.
It has been speculated that BER proteins must be tightly regulated because imbalances in BER lead to genomic instability [36] . Changes in POLB expression are found in approximately one third of human tumors [37] . Therefore, the abundances of APEX1, POLB, XRCC1, and DNA ligase III were examined in the Polbþ/À mice to determine if deficiency of POLB affected other BER proteins. In vitro short-patch BER activity and the effect on mutagenesis were assessed for liver, brain, and spermatogenic cells in these Polbþ/À mice as a direct test of the role of POLB and short-patch BER in germline mutagenesis. Finally, because deficiency of DNA repair proteins has been shown to increase apoptosis [23, 38] , the prevalence of TUNEL-positive spermatogenic cells was examined to determine if cell death was elevated among POLB-deficient cells in the face of spontaneous DNA damage.
MATERIALS AND METHODS

Polb Heterozygous Animals
lacI Transgenic mice (C57BL/6J) were obtained from Stratagene or from in-house breeding regimens. Mice heterozygous for Polb [35] were mated with homozygous lacI transgenic mice to generate Polb(þ/À),lacIþ progeny. The Polb promoter and first exon were deleted in the construction of these mice. The Polbþ/À mice were backcrossed at least 10 generations with C57BL/6J mice before these experiments. Genotyping by PCR amplification was performed on DNA obtained from tail biopsy specimens [39, 40] from potential Polb(þ/À),lacIþ animals. The primers for the amplification of the Polb(À) allele were MBEX2 and MBFOR2 with the corresponding sequences of 5 0 CTGGCTCACGTTCTTCTCAAAGTTTGCGAG 0 3 and 5 0 AAGGACGGAA GGTGGAGGGAGAGCTAATGC 0 3, respectively. The amplimer was visualized as a 420-bp band. The primers for the amplification of the lacI transgene were T7LacI and LacI5 with the corresponding sequences of 5 0 TAATACGACTCACTATAGGGACACCATCGAA TGGTGCAAAAC 0 3 and 5 0 ATTTAGGTGACACTATAGGAGAACTTAATGGGCCCG 0 3, respectively, and produced a 680-bp amplimer. Primers for exon IV of the Apex1 gene were used for an internal control. The sequence for sense Apex1 was 5 0 GTGATTGTGGCTGAATT TGA 0 3 and 5 0 GTCTAAAGGA AACCGGAAGT 0 3 for antisense Apex1. This primer set produced a 650-bp amplimer [23] . The PCR consisted of 30 cycles, including denaturation at 948C for 1 min, annealing at 548C for 1.5 min, and extension at 728C for 1 min. The PCR products were subjected to electrophoresis using 2% agarose gel electrophoresis.
All animals were housed in an American Association for the Accreditation of Laboratory Animal Care-accredited facility and were maintained on standard food and water ad libitum. Before embarking on experiments, all animal manipulations were approved by the Institutional Animal Care and Use Committee. The mice were specific pathogen free, anesthetized with isoflurane, and humanely euthanized by cervical dislocation at age 10 days or at age 4-7 mo. Liver and brain were rapidly removed and used for preparations of nuclear extracts or high-molecular-weight DNA isolation. Testes were removed and fixed in formalin for subsequent histological analysis or used immediately for mixed germ cell preparations (i.e., all spermatogenic cell types in the testis essentially free of somatic cells). Afterward, nuclear extracts or high-molecularweight DNAs were prepared from mixed germ cell preparations.
Mixed Germ Cell Preparations
Preparation of mixed germ cells was conducted as described previously [41, 42] . Testes harvested from mice were decapsulated by making a small incision in the tunica albuginea and gently squeezing out the seminiferous tubules. The decapsulated testes were placed in Krebs solution [41, 42] previously brought to pH 7.3 with aeration for 20 min of a gas mixture of 5% carbon dioxide and 95% air. Collagenase was added to a final concentration of 0.5 mg/ml, and the tubules were incubated for 15 min at 338C in a shaking water bath. The seminiferous tubules were washed once with Krebs solution to maximize removal of interstitial cells and blood cells. Trypsin was added to the tubules to a final concentration of 0.5 mg/ml in Krebs solution after washing to disaggregate the germ cells. A total of 5 lg of DNase was also added. The tubules were incubated for 12 min at 338C in a shaking water bath under increased agitation compared with the collagenase treatment. The germ cells were dissociated using a wide-bore pipette by pipetting up and down until homogeneous, yielding a suspension of single cells. The germ cell suspension was filtered through a 100-lm nylon mesh membrane and pelleted at 11003 g at 48C for 15 min. The supernatant was discarded, and the germ cell pellet was washed once with Krebs solution. Before the final centrifugation, the cells were counted on a hemacytometer.
Nuclear Extract Preparations
Spermatogenic cell, liver, and brain crude nuclear extracts were prepared as described previously [30] and as modified by Intano et al. [14, 15, 43] . Further modification included the addition of Complete Mini protease inhibitor cocktail tablets from Roche to the homogenization and lysis buffers at 1 tablet/10 ml of solution. Just before lysis, 2.5 ng/ll of luciferase per milliliter of lysis buffer was added for a total of 2500 ng for each mixed germ cell sample and 5000 ng for liver and brain. Protein concentrations were determined by the Bradford assay [44] using immunoglobulin as the protein standard. Aliquots of nuclear extracts were flash frozen in liquid nitrogen and stored at À808C.
Western Blot Analysis
Mixed germ cell, liver, and brain nuclear extracts (75 lg) were separated on a 12% discontinuous SDS-PAGE (30% acrylamide:bis solution, 29:1) gel and transferred onto a nitrocellulose membrane via electroblotting. After transfer, each blot was cut into three strips to separate regions containing 1) DNA ligase IIIa, 2) XRCC1, and 3) POLB and APEX1. Each section was hybridized with primary and then secondary antibodies before realigning the sections for chemiluminescent exposure. Accordingly, the relative proportions of each protein within a tissue were determined using the same gel, membrane, exposure, and antibody incubation conditions. For each tissue, at least one BER protein did not vary by genotype, and it was used as an internal loading control. Rabbit polyclonal anti-hAPEX1 antibody (Novus Biologicals), mouse monoclonal POLB antibody (NeoMarkers), rabbit polyclonal anti-hXRCC1 antisera (Serotec), and mouse monoclonal DNA ligase IIIa antibody (Genetex) were used to detect APEX1, POLB, XRCC1, and DNA ligase IIIa proteins, respectively. Incubation with primary antibodies at 1:500 dilution for APEX1 and DNA ligase IIIa and at 1:1000 for POLB and XRCC1 was followed by incubation with horseradish peroxidase-conjugated goat anti-rabbit or goat antimouse secondary antibodies (Pierce) at 1:250 000 dilution and by signal generated-enhanced chemiluminescence (Pierce). Intensity of the bands generated was quantified using a ChemiImager 4400 (Alpha Innotech) as integrated density value (IDV). Data collected as IDV per microgram of protein from the Polb heterozygotes were normalized against wild-type littermate controls. BenchMark Prestained Protein Ladder (Invitrogen) and purified hAPEX1 and hPOLB proteins (Trevigen) were included as molecular mass standards.
BER Assay
Short-patch BER activity assays were conducted as previously described [11, 14, 15, 43] . Single-stranded oligonucleotides purified via PAGE and HPLC were purchased from Integrated DNA Technologies, Inc. The lesion is a uracil at position 22 in the 51-mer sequence 5 0 56FAM/GCTTGCAT GCCTGCAGGTCGAUTCTAGAGGATCCCCGGGTACCGAGCTA3 0 . The 56-FAM denotes the 5 0 fluorescein end label on the U-containing strand. The complementary strand was annealed to the U-containing oligonucleotide in 5 times molar excess, producing a double-stranded oligonucleotide or guanine:uracil22 (G:U22) 51-mer at 1 pmol/ll by incubation at 958C followed by overnight incubation in a heating block that gradually reached room temperature. Nuclear extracts were incubated with 3 pmol of double-stranded G:U22 51-mer, 2. GERM CELL MUTAGENESIS IN Polb HETEROZYGOUS MICE dCTP, and buffer B [14, 15, 43] brought to a 25-ll total reaction volume. Samples were incubated at 378C for 10 min, and the reaction was immediately stopped by placement on ice and the addition of 4.5 ll of loading dye (80% formamide, 10 mg/ml of xylene cyanol, 10 mg/ml of bromophenol blue, 50 mM EDTA, and 0.3 M sodium chloride). Samples were heated to 658C for 3 min, immediately cooled on ice, and loaded on a 12% polyacrylamide gel containing 7 M urea in Tris/borate/EDTA buffer (89.2 mM Trizma base, 89 mM boric acid, and 2 mM EDTA [pH 8.0]). Known amounts of G:U22 51-mer were loaded on the same gel as the nuclear extract samples, and the resulting fluorescence was used to determine oligonucleotide recovery for experimental samples. Afterward, the gel was exposed on screens that were scanned on a BioRad Molecular Imager FX for radioactivity quantitation and on an Alpha Innotech ChemiImager 4400 for fluorescence quantification [14] .
Protein amounts were tested to identify the range that would yield linear results. Although the actual limits of linearity were not identified, 10-50 lg of mixed germ cell nuclear extracts, 40-320 lg of liver nuclear extracts, and 80-400 lg of brain nuclear extracts resulted in linear increases in oligonucleotide repair. Consequently, 40 lg of mixed germ cell nuclear extracts and 160 lg of liver and brain nuclear extracts were chosen for the assays.
Repaired G:U22 51-mer was calculated as follows: counts of bands 3 G:U22 51-mer oligonucleotide added (in picomoles) 3 amount of luciferase added (in nanograms) / amount of nuclear extracts (in micrograms) 3 activity 3 exposure time of autoradiography (in minutes) 3 G:U22 51-mer oligonucleotide recovered (in picomoles) 3 luciferase recovered (in nanograms). The machine count per minute for 1 fmol of [a 33 P] dCTP was empirically determined to be 243.
A luciferase assay was performed on the nuclear extracts the same day the BER activity assays were performed as described previously [14, 15, 43] . The luciferase activity was used to normalize BER activity to protein recovery during the nuclear extract preparation procedure. One microliter of nuclear extract sample was diluted 1:200 in assay buffer (60 mM DTT, 0.075% BSA, and 5 mM ATP in luciferase buffer [60 mM Tris-acetate, pH 7.5, 2.5 mM EDTA, and 12 mM magnesium acetate]). Two microliters of diluted nuclear extract was mixed with 38 ll of luciferase buffer and injected with luciferinassay buffer mixture. Based on the relative light units, the amount of luciferase recovered by the nuclear extracts was determined with Berthold's Lumat LB 9501 using a standard curve generated from luciferase standards [45, 46] .
Big Blue Mouse Mutant Assay
High-molecular-weight genomic DNA was prepared using the RecoverEase DNA isolation kit from Stratagene according to the manufacturer's recommendations with one modification: DNA isolation from brain was modified by using a loose-fitting pestle for homogenization. Mixed germ cells were isolated, flash frozen in liquid nitrogen, and stored at À808C. The germ cell pellet was homogenized by pipetting up and down in lysis buffer until homogeneous. The homogenate was not filtered, and the pellet was incubated with proteinase K for 3 h. Otherwise, the aforementioned protocol was followed.
The k transgenic shuttle vector recovery was performed as described in Stratagene's Transpack Packaging Extracts, producing packaged DNA samples. The packaged DNA was incubated with SCS-8 cells, then mixed with agar that contained the chromogenic substrate X-gal (5-bromo-4-chloro-eindolyl-b-D-galactopyranoside) and poured on assay trays. The assay trays were allowed to solidify and were incubated at 378C overnight. Putative mutants, identified as blue-appearing plaques, were cored and replated to determine if the mutant was likely mouse derived as described previously [23] . The mutant frequency was calculated by the ratio of confirmed mutants to the total number of plaque-forming units (pfu).
Terminal Deoxynucleotidyl TUNEL
Testes from 10-day-old and 4-to 7-mo-old mice were harvested and fixed in 10% formalin solution. The tissues were paraffin embedded, and TUNEL assays [47] and hematoxylin-eosin (H&E) staining were performed on 4-lm testis sections by the San Antonio Cancer Institute Pathology Core Shared Resource. For 10-day-old animals, sections from two different depths of the testis, one near the surface and one approximately at the midpoint of the testis, were stained to ensure that nonadjacent sections were analyzed. Sections from four different depths, evenly distributed across the testis, were stained and examined for adult animals. The number of seminiferous tubules with at least one TUNEL-positive cell was counted, so that at least 230 seminiferous tubule cross-sections were counted per animal in the 10-day-old group and at least 580 seminiferous tubule cross-sections were counted per animal in the adult group. The percentage of seminiferous tubule cross-sections displaying one or more apoptotic cells was quantified using four microscopic fields at 163 magnification for 10-day-old mice and using two microscopic fields at 6.33 magnification for adults. Because of the considerably larger seminiferous tubules in adults compared with 10-day-olds, lower magnification was used in the adults to visualize a large number of different seminiferous tubules. For each genotype, at least 320 apoptotic spermatogonia were counted for 10-dayolds, and at least 90 apoptotic spermatogonia were counted for young adults. The ratio of total number of apoptotic germ cell types to total number of tubules counted per animal was analyzed in both age groups.
Statistical Analysis
Western blot, BER, and TUNEL data were analyzed by ANOVA, and comparisons among means were Bonferroni adjusted. Mutant frequency data were analyzed using chi-square test.
RESULTS
Western Blot Analysis
In mixed germ cell nuclear extracts, two cross-reacting bands for anti-hAPEX1 were found, a 37-kDa and a 34-kDa band (Fig. 1A) , whereas only a 37-kDa band was observed in the somatic tissues tested (Fig. 1, B and C) . The level of APEX1 protein was significantly lowered to 58%, 75%, and 49% in mixed spermatogenic cells, liver, and brain, respectively, obtained from Polbþ/À samples vs. wild-type controls (P 0.05) (Fig. 1D ). POLB and DNA ligase IIIa levels were also decreased to 58% and 80%, respectively, of those of wildtype controls in mixed germ cells, whereas XRCC1 levels were only decreased in the somatic tissues of Polb heterozygotes (P 0.05). XRCC1 protein levels were decreased to 78% and 77% in liver and brain, respectively (P 0.05).
BER Activity Assays
To examine the effect of Polb heterozygosity on BER activity, BER activity assays were performed using nuclear extracts obtained from select tissues of 4-to 7-mo-old adult Polb heterozygotes. Various protein amounts were tested to identify the range that would yield linear results. For a given amount of protein, there was consistently greater BER activity for mixed germ cells compared with somatic tissues (P 0.05) ( Fig. 2A ). Mixed germ cell nuclear extracts obtained from Polb heterozygous mice showed a striking 60% lower BER activity vs. wild-type controls (i.e., mean 6 SEM of 0.39 6 0.063 vs. 0.13 6 0.036 fmol/lg of protein; P 0.05) (Fig. 2, B and E) . Notably, liver and brain nuclear extract BER activities were similar between Polb heterozygous and wild-type control mice (Fig. 2, C-E) . Liver nuclear extracts exhibited approximately 3-fold higher activity than brain nuclear extracts regardless of genotype (P 0.05). Also regardless of genotype, mixed germ cell nuclear extracts displayed significantly greater BER activity compared with liver and brain nuclear extracts (P 0.05 for both). For wild-type controls, mixed germ cell nuclear extracts displayed 14-fold greater BER activity than liver nuclear extracts and 50-fold greater BER activity than brain nuclear extracts (P 0.05 for both). For Polb heterozygous mice, mixed germ cell nuclear extracts displayed 4-fold greater BER activity than liver nuclear extracts and 17-fold greater BER activity than brain nuclear extracts (P 0.05 for both).
Mutant Frequency Assays
To determine the effects of Polb heterozygosity and BER deficiency on spontaneous mutagenesis, Polb heterozygous mice were crossed with lacI transgenic mice, and spontaneous mutant frequencies were measured from mixed germ cells, liver, and brain obtained from 4-to 7-mo-old mice. At least 2 million pfu per genotype were counted for mixed germ cells, and at least 1 million pfu were counted for liver and brain each (Table 1) . Consistent with previously published results [18, 19, 826 23], the spontaneous mutant frequency of mixed spermatogenic cells was significantly lower than somatic tissue mutant frequencies (P 0.036) regardless of genotype. In an inverse correlation to the BER activity findings, the spontaneous mutant frequency for Polb(þ/À),lacIþ mixed germ cells (mean 6 SEM, 2.41 6 0.34 3 10 À5 ) was significantly greater than that for wild-type controls (1.44 6 0.26 3 10 À5 ) (P 0.022) (Fig. 3) . Although the spontaneous mutant frequency for Polb(þ/À),lacIþ liver was reduced compared with wild-type controls, it did not reach statistical significance (P 0.064). The spontaneous mutant frequency for Polb(þ/À),lacIþ brain was similar to that of wild-type controls (P 0.996).
Prevalence of Apoptosis
To examine the potential role of apoptosis on germline mutant frequency, TUNEL assays were performed on formalinfixed testes sections obtained from 10-day-old and 4-to 7-moold mice (Fig. 4) . Testes cross-sections were also stained with H&E to further examine the morphology of the testes. An approximate 2-fold decline was found in the percentage of Table 2 ). The ratio of apoptotic spermatogonia to seminiferous tubules was also analyzed. The number of apoptotic spermatogonia per seminiferous tubules declined 7-fold in young adults compared with that in 10-day-old mice for each genotype (P 0.05). In conclusion, no significant difference was found between wild-type controls and Polb heterozygous mice when the number of apoptotic cells and the number of apoptotic spermatogonia per seminiferous tubules were analyzed.
DISCUSSION
To determine the effect of a functional Polb allele on BER activity in various tissues, short-patch BER activities were assessed using nuclear extracts obtained from mice heterozygous for Polb. A major finding in the present study was the 2-fold increased spontaneous mutagenesis in spermatogenic cells obtained from young adult Polbþ/À mice. The greater shortpatch BER activity in mixed spermatogenic cell nuclear extracts compared with somatic tissues tested is consistent with previous results for wild-type mice [14] [15] [16] [17] . Notably, many short-patch BER genes display the highest levels of expression in the testis of adult mice. For instance, POLB, XRCC1, and DNA ligase IIIa display high expression in pachytene spermatocytes and round spermatids [14, 16, [48] [49] [50] [51] [52] [53] . BER activity was found to be significantly lower in the male germ cells of Polb heterozygous mice compared with wild-type controls. Cabelof et al. [54] detected reduced POLB and BER activity in testis but did not report a spontaneous mutant frequency for spermatogenic cells.
The Western blot analyses and in vitro BER activity data presented herein indicate that Polb haploinsufficiency causes a deficit in BER in spermatogenic cells. It is unclear at present which POLB activities are involved in mediating the elevated mutant frequency. It is tempting to speculate that unrepaired lesions (POLB substrates) act as substrates for error-prone translesion synthesis DNA polymerases such as Rev1, resulting in increased mutagenesis. It was found that methyl methanesulfonate-induced increase in mutations in Polb null mouse embryonic fibroblasts (MEFs) was mediated by REV1 [55] .
In contrast to the results for spermatogenic cells, mutant frequency is decreased in the brain of Polb homozygous null embryos [56] . Apoptosis of neuronal cells with damaged DNA may have contributed to the decreased spontaneous mutant frequency found in the brain of Polb homozygous null embryos. Extensive apoptosis is observed in the developing nervous systems of POLB-deficient mice [34] . It has also been shown that POLB deficiency activates p53-dependent apoptosis [57] and that POLB deficiency in cells is associated with hypersensitivity to damaging agents due to induction of necrotic cell death [58] and apoptosis [59, 60] . The elevated mutant frequency in spermatogenic cells indicated an elevated level of DNA damage in spermatogenic cells presumably due to decreased DNA repair. Based on findings by Niimi et al. [56] that suggested an increased apoptotic response to decreased POLB, apoptosis was assessed in testis because mixed germ cells displayed reduced POLB abundance. Consistent with previous findings [61] , a greater prevalence 
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of apoptosis was found among both genotypes at age 10 days, corresponding to a time in the first wave of spermatogenesis, compared with young adults. However, Polbþ/À mice did not display more apoptosis at either age compared with agematched controls. These results indicate that apoptosis did not affect the link between Polb heterozygosity and spontaneous mutant frequency in the testes and suggest that there may be tissue-specific differences in response to Polb haploinsufficiency. In a previous study [23] , an increased prevalence of seminiferous tubules displaying TUNEL-positive cells was detected among the testes of Apex1 heterozygous mice, suggesting that deficiencies in different BER proteins may elicit different responses within the same tissue.
A second major finding of the present study is the different response of somatic cells to Polb haploinsufficiency. Nuclear extracts prepared from liver and brain showed normal levels of BER proteins and normal BER activity compared with previously published results [14, 20, 43] . Only nuclear extracts prepared from mixed spermatogenic cells obtained from Polb heterozygotes showed perturbed levels of POLB. Wild-type animals show tissue-specific differences in expression of BER proteins and BER activity. For example, all BER genes tested show the greatest expression in testis or spermatogenic cells, and short-patch BER activity is greatest in spermatogenic cells [14] [15] [16] [17] . It perhaps should not be surprising that somatic cells respond differently to Polb haploinsufficiency than germ cells in light of the already established differences in normal BER gene expression among tissues. The unchanged abundance of POLB among somatic tissues of Polb heterozygous mice suggests that somatic cells can maintain normal POLB levels through transcriptional or posttranscriptional mechanisms. Recently, BER proteins not in complex with DNA damage were shown to be ubiquitinated and degraded [62] as a mechanism for coordinated expression. Other mechanisms that
have not yet been identified may exist to regulate BER protein abundances. Presumably, these same mechanisms do not function or are inadequate to compensate for the normally greater abundance of POLB in spermatogenic cells, as POLB abundance is reduced relative to other BER proteins in spermatogenic cells obtained from Polb heterozygous mice. Tissue-specific differences in response to deficiencies in DNA repair genes are well known. For example, deficiencies in nucleotide excision repair genes lead to xeroderma pigmentosum and a greatly elevated incidence of skin cancer. Deficiencies in mismatch repair gene can lead to hereditary nonpolyposis colorectal cancer. Therefore, in response to DNA repair protein deficiencies, effects can be found in one tissue, while the consequences are more subtle or nondetectable in another tissue.
Consistent with BER assay results, Polb heterozygosity does not significantly affect liver and brain spontaneous mutant frequencies in young adult mice. The results observed in the present study for liver are in agreement with previously published results [54] and are consistent with the similar spontaneous mutant frequency observed for Polb null MEFs compared with wild-type controls [63] . Somewhat surprisingly, the spontaneous mutant frequency for liver obtained from Polb heterozygous mice was slightly reduced (P ¼ 0.064). Although not statistically significant at age 4-7 mo, it is possible that a significant difference might be realized as the animals age. Spontaneous mutant frequencies for brain obtained from Polb heterozygous adult mice have not been previously reported (to our knowledge), although Niimi et al. [56] detected a decrease in brain spontaneous mutant frequency of Polb homozygous null embryos. The results herein are consistent with previously published reports for wild-type brain [18, 64, 65] .
The data for POLB abundance and short-patch BER activity in somatic tissues in the present study contrast with results by Cabelof et al. [54] , who found a decrease in POLB and shortpatch BER activity in all tissues tested. The reasons for the discrepancies in results are unclear and are not easily resolved. The preparation of nuclear extracts by Cabelof et al. had slight modifications, which may account partially for the difference in results. They did not include internal standards to normalize experimental data, and this may account for some of the difference, although the corrections for recovery based on the internal controls did not alter the pattern of results in the present experiments compared with the data without recovery corrections. It seems more likely that differences in environmental conditions could contribute to the differences in results. The consequences of different diets, exposure to endocrine disrupters such as bisphenol A, or epigenetic reprogramming may influence repair gene expression and mutagenesis. Although Cabelof et al. reported decreased POLB abundance and BER activity in select somatic tissues, they did not report a difference in spontaneous mutagenesis. Indeed, the spontaneous mutant frequencies were similar for wild-type and Polbþ/À liver. The similarity in somatic tissue spontaneous mutagenesis is inconsistent with the 50% reduction in POLB abundance and BER activity but is consistent with the data reported in the present study. Most important, regardless of the source of discrepancies, the combined studies clearly demonstrate that haploinsufficiency results in reduced POLB and reduced BER in testis or spermatogenic cells. This is consistent with the increased spontaneous mutagenesis in spermatogenic cells detected in the present study.
POLB has been shown to interact with APEX1 [9] , XRCC1/ DNA ligase IIIa heterodimer [66, 67] , and DNA ligase I [68] . The interaction with multiple BER proteins has led to the suggestion that POLB participates in the sequential coordination of the BER pathway [69] . Our study found decreased levels of APEX1 in liver, brain, and mixed germ cells and DNA ligase IIIa of mixed germ cells from Polb heterozygotes. XRCC1 levels were also significantly reduced in the somatic tissues tested. XRCC1 has other protein partners and functions in addition to partnering with ligase IIIa [70, 71] . Changes in [62] . Potentially less APEX1 and DNA ligase IIIa are complexed with DNA damage when POLB abundance is reduced. More perplexing is the reduced abundances of APEX1 and XRCC1 in liver and brain of Polb heterozygous mice, while the abundance of POLB was apparently not altered in these tissues. A speculative explanation is that the antibodies for APEX1 and XRCC1 have a lower affinity for the respective proteins than the antibody generated against POLB. Therefore, modest changes in POLB would be less readily detected over the normal variability found with Western blots, while the lower affinity of the other antibodies would result in a more readily detected modest decrease. It seems likely that as-yet undetected mechanisms contribute to regulation of BER protein abundances. In summary, heterozygosity for Polb elicited different effects in male mixed germ cells compared with somatic tissues of young adult mice. The results indicate that heterozygosity for Polb in the germline results in decreased abundance of the protein, reduced BER activity, and elevated spontaneous mutagenesis. Inactivation of a Polb allele in the somatic tissues tested, liver and brain, had no detectable effect on in vitro BER activity or in vivo spontaneous mutagenesis in young adult mice. That is, genetic instability was not altered significantly in these somatic tissues. Therefore, the abundance and activity of POLB normally present in spermatogenic cells are necessary for retaining a low spontaneous mutant frequency for the male germline. Together, the data indicate tissuespecific responses to Polb heterozygosity. Although Polb heterozygosity is tolerated or compensated for in somatic tissues, it has profound effects in spermatogenic cells on BER activity and spontaneous mutagenesis, thereby demonstrating the importance of short-patch BER in sustaining germline genetic integrity.
